Background Concept mapping has the potential to measure important aspects of a student's evolving knowledge framework in a way that conventional examinations cannot. This is important because development of an elaborate and well-structured knowledge framework is a critical step toward becoming an expert in a particular field. Little is known about the best way to score concept maps in the setting of medical education. Therefore, as a preliminary step in addressing this question, we compared two different scoring systems for validity: a structural method based on the organization of a map's hierarchical structure and a relational method based, not on structure, but on the quality of each individual map component.
Introduction
According to constructivist learning theory we learn, not simply by memorizing new facts and concepts, but also by assimilating that information into a pre-existing framework of knowledge. 1 Supporting this theory is empirical evidence that development of an elaborate and well-structured knowledge framework, at least in part, determines how knowledge is used for decision making and problem solving and is a critical step toward becoming an expert in a particular field.
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Despite its importance, assessment of a student's evolving knowledge framework is often neglected, probably because it is difficult to measure. 5 Concept mapping has the potential to measure aspects of a student's evolving knowledge framework. In concept mapping, the student links together a series of concepts related to a particular topic (called concept-links and cross-links) producing a two-dimensional, hierarchically organized diagram representing their knowledge framework. 6 Concept mapping is now frequently used as a learning and organizational tool in a variety of classroom and professional settings. However, it is rarely used as an assessment method because there is limited information regarding its validity and reliability, particularly in medical education.
The validity of concept mapping assessment is largely dependent on how maps are interpreted or scored. The two most commonly investigated scoring methods are structural and relational. The structural method assigns weighted scores based on the organization of a map's hierarchical structure, concept-links, and cross-links. 6 In contrast, the relational method takes into account the quality or importance of each individual concept-link, without regard to the overall structure of the map. Using the structural scoring method, we recently demonstrated that concept maps could be a valid measure of the knowledge frameworks of paediatric residents at various points in postgraduate training. 7 In that study, we observed that as residents' knowledge and experience increased, maps grew more complex and difficult to score. Relational scoring methods may have potential advantages over structural methods when scoring complex maps, because they place greater importance on the correctness and overall quality of an individual conceptlink and are simpler to use, and thus, potentially more reliable. Evidence in other educational settings also suggests that relational scoring methods may be more valid. 5, 8 At present, we do not know which scoring method, structural, relational, or otherwise, is most valid and best reflects a student's or resident's knowledge framework as represented in a concept map. However, it is critically important that we determine the most valid method if concept mapping assessment is ever to be used on a larger scale in medical education.
In this article, we investigate whether the scoring of concept maps using a relational method is a valid measure of the knowledge frameworks of paediatric resident doctors during postgraduate medical training. 8 As a measure of predictive validity, we re-scored concept maps from our earlier study using a relational method and compared relational scores of residents before and after instruction and at different levels of training with previously validated structural scores.
Methods

Subjects
This study was performed in the setting of postgraduate paediatric training at the University of California, Davis. Our institutional human subjects review committee approved the study and the investigators obtained written informed consent. Twenty-one paediatric residents enrolled (9 first year residents, 8 second year residents, and 4 third year residents).
Study design
Details of the study design have been described previously. 7 Briefly, all study subjects participated in a standardized concept map training exercise after which they were given 30 minutes to draw independently, and without study aids, a preinstruction concept map about 'seizures' on a blank sheet of paper. Residents then participated in a triple session (1 hour per session) seizure education course consisting of 'case-based' instruction about the diagnosis and management of seizure disorders in children. Residents then drew a postinstruction concept map about seizures under identical conditions as before.
Concept maps
We used a modification of the 'hierarchical' method of concept mapping developed by Novak. 6 To make a map, a resident links together a series of concepts (defined as a perceived regularity in events or objects designated by a label) using arrow lines with a statement (proposition) written above the line describing how the concepts are related (referred to as a concept-link).
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In the preinstructional map shown in Fig. 1 , the concept seizure linked to nonfocal by the proposition 'can be classified as' is an example of a concept-link. Map hierarchy is indicated by the direction of the arrow in the concept-link and the arrangement of concepts in the map with more general concepts at the top and more specific concepts below or extending outward. Arrangement of a series of related concept-links in a hierarchical chain represents a domain of knowledge. The relationship between different domains of knowledge is indicated by cross-links, which are also connected using
Key learning points
Development of an elaborate and well-structured knowledge framework is a critical step toward becoming an expert in a particular field, but knowledge structure is difficult to measure.
Concept mapping has the potential to measure important aspects of a student's evolving knowledge framework, but developing reliable and valid scoring methods are critical to their use.
We compared the validity and interrater reliability of 2 different concept map scoring methods in this study involving paediatric residents at various stages of postgraduate training.
Concept maps scored using a structural method, which takes into account the concept map's hierarchical and organizational structure, was better able to detect predicted changes in resident knowledge structure after an educational intervention and expected differences between residents at different levels of training. arrow lines labelled with a phrase describing the relationship. In Fig. 1 , the concept focal linked to CT ⁄ MRI by the phrase needs is an example of a crosslink. The final component is examples, which is linked to the related concept in the most subordinate position on the map and not enclosed in a circle.
Scoring methods
Two different raters, blinded to the identity of the map author, independently scored each map using both the structural and relational methods. Maps were first scored using the structural method and subsequently using the relational method. Both raters were certified by the American Board of Paediatrics and completed standardized concept map scoring training as previously described. 7 
Structural method
The structural scoring method has been described previously. 7 The theoretical basis for the weighted scoring scale is based on the depth of thought or understanding required to form the category and focuses on the relative position of each concept in the map. 6 Briefly, maps were scored in 4 categories with the following point assignments for each valid component:
• concept-link (2 points each);
• cross-links (10 points each);
• hierarchy (5 points each);
• examples (1 point each), and • invalid components (0 points).
Scores for each component were added together to produce a total structural score for each map by each rater. Raters' total structural scores were added together to create a standard structural score for each map.
Relational method
We used a modification of a relational scoring method previously described. 8 Concept-links, cross-links, and examples were assessed using the following scale:
• invalid relationship between concepts (0 points); • valid relationship between concepts but propositional label is incorrect (1 point); • valid relationship and propositional label correct but lacks foundational or core relationship to subject matter (2 points), and • valid relationship and propositional label and foundational or core relationship apparent (3 points).
Each link was scored separately and the scores added together to generate a total relational score for each map by each rater. Raters' relational scores were added together to create a standard relational score for each map.
Data analysis
All statistical analyses were performed using STATA version 6AE0 (College Station, Texas, USA) and because of the small sample size, nonparametric methods to compare rank order were used. As a mea-sure of interrater reliability, the correlation between each rater's total structural and total relational scores for each map was tested using Spearman rank correlation. The remaining analyses were performed using standard structural and standard relational scores. As a measure of predictive validity, we compared preinstructional with postinstructional map scores with each scoring method using the Wilcoxon sign rank test. To assess differences based on level of training, we compared the map scores of more experienced residents (second and third years, n ¼ 12) with those of less experience (first years, n ¼ 9) using the Twosample Wilcoxon rank sum test.
Results
All 21 participants completed all phases of the study. Interrater correlations were strong using the relational method (preinstructional, r ¼ 0AE96; postinstructional, r ¼ 0AE91) and moderate to strong using the structural method (preinstructional, r ¼ 0AE65; postinstructional, r ¼ 0AE84).
Scores before and after instruction Figure 1 shows a partial reproduction of a hand-written preinstruction and postinstruction concept map from the same individual. Qualitative comparison of the maps before and after instruction revealed incorporation of new concepts into maps, further differentiation of existing concepts, new cross-link relationships, and conversion of examples into concepts. Table 1 summarizes the median standard relational and structural scores on pre-and postinstruction maps. Relational scores did not change significantly after instruction (P ¼ 0AE14), while structural scores increased (P ¼ 0AE004). Table 1 also summarizes the median standard structural and relational scores based on training level. On the preinstruction maps, relational scores of second and third year residents were not significantly different to those of first year residents (P ¼ 0AE72), while structural scores were higher for second and third year residents (P ¼ 0AE03). After instruction, there was no significant difference based on level of training (relational, P ¼ 0AE37; structural, P ¼ 0AE18).
Scores by level of training
Discussion
Previously, we demonstrated that structural concept map scores of resident doctors increased significantly in situations where knowledge frameworks were expected to change (i.e. after instruction) and were significantly higher in residents with more training compared with those with less. 7 These findings are similar to those reported using structural scoring methods in other educational settings and suggest that structural concept map scores are a valid measure of expected change and differences in the knowledge frameworks of resident doctors. 9, 10 In the present study, we found that relational scores of the same concept maps did not detect predicted changes in resident knowledge frameworks after instruction or predicted differences based on level of training. Thus, although interrater reliability of the relational scoring method was high, this method failed to demonstrate the validity seen using the structural scoring method. These findings imply that the relational method may be less sensitive than the structural method in measuring changes and differences in concept maps, at least as applied in this limited setting in postgraduate medical education.
Other published reports using relational scoring methods arrive at different conclusions to those of our study. In one particularly relevant study in the setting of a college biology course, investigators compared the validity and reliability of the relational method to other scoring methods, including the structural method. 8 As in our study, these investigators found that the relational scoring method had greater interrater reliability than the structural method. In contrast to our findings, they concluded that the relational method was most valid based on the degree of similarity of scores generated by each method with scores of an expert reference map. Other investigators have tested variations of the relational scoring approach, such as rating the 'goodness' of each concept map link from high school physics students or the 'correctness' of links as they related to a biology course curriculum. 11, 12 Although no comparisons with structural scoring were made in these reports, these investigators showed that map scores correlated with multistep problem-solving examination scores in physics and multiple choice examination scores in biology. These observations appear to contradict the findings in our study; however, the discrepancies could be due to the use of substantially different measures of validity or subtle variations in scoring methodology. Furthermore, these studies were performed in markedly different educational settings compared with our study (secondary ⁄ college versus postgraduate medical education), raising the question of whether students' concept maps could change in different ways depending on the material to be learned or the students' previous training. It is possible that the seizure educational course in our study did not improve relational concept mapping scores because the instruction was ineffective. Alternatively, it is possible that the concept mapping assessment did not measure areas influenced by the instruction. These possibilities are less likely because we have previously shown, using qualitative comparison of pre-and postinstruction concept maps, that maps changed after instruction. 7 Observed changes included incorporation of new concepts into maps, further differentiation of existing concepts, and enhanced cross-linking between domains of knowledge. In addition, ineffective instruction could not account for the lack of difference in relational scores of residents at different levels of training.
Because of the small sample size, our study had limited power to detect differences in scores between groups; thus, it is possible that with a larger sample size, significant differences in relational scores of smaller magnitude might become apparent. In addition, the small sample size required that we use nonparametric methods of statistical analysis. Consequently, we were unable to perform a more robust analysis (e.g. G-theory analysis) of other factors that influence reliability and estimate the extent to which concept mapping assessment could be generalized to other groups of learners and raters. The need to use nonparametric methods of analysis also prevented us from determining interrater agreement (i.e. the degree to which each rater's map score was in absolute agreement); therefore, we cannot be certain that one rater did not commit systematic errors that could account for our findings. To minimize the impact of our limited ability to analyse reliability and interrater agreement, the study was designed so that both raters scored all maps, and similarly to other investigations, we used the sum of both raters' scores on each map for analysis, rather than each rater's individual score. 13 We then assessed interrater reliability by determining the extent to which raters' scores were proportionally in agreement using Spearman rank correlation. By this measure, the interrater reliability in our study was similar to that reported in other investigations of concept mapping assessment. [8] [9] [10] Concept mapping assessment holds great promise as an evaluation tool in medical education because it has the potential to measure the evolving knowledge frameworks of students and residents as they progress from novice to expert doctors in a way that conventional examinations cannot. Furthermore, it could provide medical educators with a unique tool to uncover distortions of students' understanding of content and to identify errors of omission. However, developing valid and reliable methods of scoring concept maps is critical to their future utility. The limited size and scope of our study require that we use caution when drawing conclusions; nevertheless, our findings have important implications for any future use of concept mapping assessment in medical education. Our data suggest that scoring systems for evaluating concept maps in postgraduate medical education need to account for the structure of expressed relationships between and among concepts (i.e. structural features of maps), if scores are to reflect changes in the developing knowledge frameworks of resident doctors. More research is needed to confirm these findings and to establish more rigorously the reliability of concept mapping assessment in medical education before it should be used as an assessment tool outside the investigational setting.
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